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We propose an extension of the Standard Model gauge symmetry by the gauge group U(1)T3R in
order to address the Yukawa coupling hierarchy between the third generation fermions and the first
two generation fermions of the SM. We assume that only the right-handed fermions of the first two
generations are charged under the U(1)T3R. In addition to the new dark gauge boson, we have a
dark scalar particle whose vacuum expectation value (vev) breaks the U(1)T3R symmetry down to
Z2 symmetry and also explains the hierarchy problem. A vev of O(GeV) is required to explain the
mass parameters of the light flavor sector naturally. The dark matter (DM) particle arising from
the model naturally has mass in the O(1 − 100) MeV range. The model satisfies all the current
constraints. We discuss the various prospects of the direct detection of the dark matter. We get
both elastic and inelastic spin independent DM-nucleon scattering. The dark matter obtains the
correct thermal relic density by annihilation.
I. INTRODUCTION
In recent years, the central motivation for dark matter direct detection, indirect detection, and collider search
strategies has been the WIMP Miracle [1]. In this paradigm, the key observations are twofold. First of all, the
WIMP Miracle is the statement that a stable particle with a mass of O(100− 1000) GeV, annihilating to Standard
Model particles with an O(1) coupling, would have a thermal relic density which is consistent with cosmological
dark matter. But equally important is the fact that new physics is naturally expected at the O(100− 1000) GeV
scale since that is the scale of electroweak symmetry breaking. Essentially, that is the scale by which energies in
the electroweak sector are measured, so if dark matter couples to the electroweak sector, then it is natural to find
particles at the correct scale needed to invoke the WIMP Miracle.
But as experimental searches, so far, have failed to find conclusive evidence for WIMPs, there has been a new
interest in models of dark matter with mass in the O(1−100) MeV range. These models can evade tight constraints
from current direct detection, indirect detection, collider searches and various low energy experiments, but may be
detected with data from planned experiments. Moreover, a variety of new mechanisms which have recently been
discussed through which a stable particle in the O(1− 100) MeV range could obtain the correct relic density (see,
for example, [2, 3]). But what has thus far been lacking is a natural reason to have a new particle at the MeV-scale,
beyond the fact that this particle could be a dark matter candidate. But there is, in fact, another natural scale
associated with flavor physics of the two lightest generations. The mass parameters of the charged Standard Model
fermions in the two lightest generations all lie in the O(1 − 100) MeV range, and if dark matter arises from new
physics associated with a light flavor, then it will also naturally lie at that scale. Our aim in this work is to present
a concrete realization of this scenario, in which dark matter is part of the light flavor sector, with a mass naturally
at the MeV-scale.
A natural way to implement this idea is by adding a new gauge group, U(1)T3R, under which right-handed
fermions of the first two generations have charge ±2. In addition to the dark photon A′, there is a dark Higgs
scalar field φ charged under U(1)T3R, whose vacuum expectation value breaks U(1)T3R to a Z2. Finally, the dark
matter, η1, is the lightest fermion which is odd under this surviving parity. In the low energy effective theory below
the electroweak scale, the masses of the first generation SM fermions, as well as the dark sector particles, are all
proportional to the vev of φ. To explain the light flavor sector mass parameters, a natural scale for this vev is
a dutta@physics.tamu.edu
b ghosh@tamu.edu
c jkumar@hawaii.edu
ar
X
iv
:1
90
5.
02
69
2v
2 
 [h
ep
-p
h]
  3
1 M
ay
 20
19
2O( GeV), implying that the dark sector particles, like the first and second generation mass parameters, should be
sub-GeV scale 1.
This scenario yields a rich phenomenology. There are tight constraints on this scenario emerging from various low
energy measurements including constraints on first and second generation lepton dipole moments. But we will find
models which can satisfy all current constraints, and for which the dark matter thermal relic density is sufficiently
depleted by annihilation via the dark Higgs or dark photon resonances. Direct detection signals are also striking.
Because U(1)T3R is broken to a Z2 which stabilizes the dark matter candidate, the dark sector naturally contains a
Dirac fermion which is split into two Majorana fermions, one or both of which are DM candidates. Spin-independent
(SI) DM-nucleon scattering can thus proceed by two methods, elastic scattering mediated by the dark Higgs, and
inelastic scattering mediated by the dark photon.
The plan for this paper is as follows: In Sec. II, we discuss the model building and all the necessary interaction
terms. We discuss various constraints relevant to our model in Sec. III. In Sec. IV we choose two specific models for
consideration, based on the constraints. In Sec. V we discuss the direct detection prospects of our model. Sec. VI
is about the relic density calculation. We conclude in Sec. VII. We provide additional details in the appendices.
Appendix A provide information about the nuclear form factor and dark matter velocity distribution. In Appendix B
we provide some details about the relic density calculation.
II. MODEL
The low energy gauge symmetry of our model is SU(3)C×SU(2)L×U(1)Y×U(1)T3R . We will assume that the
new gauge group U(1)T3R is not connected to electric charge, defined as Q=T3L+Y . But we note that one can
also consider this scenario in the context of left-right models, in which case the hypercharge Y is determined by
the charge under U(1)B−L and U(1)T3R. We assume that only the right-handed Standard Model (SM) fermions
(including the right-handed neutrinos) are charged under the U(1)T3R gauge group. We assume that no other SM
fields are charged under U(1)T3R , and all SM fields have their usual charges under the SM gauge groups. In addition
to the right-handed neutrinos, there will be three other new matter fields, a scalar φ, and a left and right-handed
fermion pair ηL and ηR. These new matter fields are SM singlets and only charged under U(1)T3R . There is also a
new gauge boson, the dark photon A′. All fields with non-trivial charges under U(1)T3R are listed in Table I. Note
that, as expected, all gauge anomalies cancel if the SM fields charged under U(1)T3R consist of a full right-handed
generation, including an up-type quark, down-type quark, charged lepton, and a neutrino. Thus, this model is
anomaly-free if either one or two generations couples to U(1)T3R.
field quR q
d
R `R νR ηL ηR φ
qT3R -2 2 2 -2 1 -1 -2
TABLE I: The charges of fields which transform under U(1)T3R. The charges are given for the left-handed
component of each Weyl spinor. The anomalies cancel by construction.
The Yukawa interactions for the new fields can be written in terms of the Lagrangian,
(1)
LY uk = −λu
Λ
H˜φ∗Q¯LquR −
λd
Λ
HφQ¯Lq
d
R −
λν
Λ
H˜φ∗L¯LνR − λl
Λ
HφL¯L`R
− λφη¯RηL − 1
2
λLφη¯
c
LηL −
1
2
λRφ
∗η¯cRηR − µ2φφ∗φ− λφ(φ∗φ)2 +H.c.,
where QL and LL are the left-handed SM quark and lepton doublet, respectively. H is the SM Higgs doublet and
H˜=iτ2H
∗. In the low-energy effective field theory below the electroweak scale, we can evaluate H at its vev, given
by v/
√
2.
The potential terms in Eqn. (1) will cause φ to get a vacuum expectation value(vev), V=(−µ2φ/2λφ)1/2 and will
yield one physical real scalar field φ′ with mass mφ′=2λ
1/2
φ V . The vev will break the gauge group U(1)T3R down
to a Z2 symmetry group, under which φ
′ and all of the SM fields are even. Only ηL,R will be odd under this parity.
The first four terms of Eqn. (1) will give the mass terms for the up type quark, the down type quark, and the
charged lepton and the tree level Dirac mass term of the neutrino. They also give the interaction terms of the
1 Note, the coupling of the dark sector to U(1)T3R was considered in [4] for a related motivation, namely, to provide a single energy
scale which sets the mass of SM fermions and dark sector particles. In that work, the dark sector coupled to b, c and τ , and the mass
scale of the dark sector was O( GeV), providing for a good asymmetric dark matter candidate. We will see that coupling the dark
sector to the light flavor sector instead naturally leads to a sub-GeV dark matter candidate.
3quarks and leptons with the physical scalar φ′. The η field will get both Dirac and Majorana masses. For simplicity,
we assume λL = λR ≡ λM . This is the maximal mixing case. The Majorana masses for the left-handed and the
right-handed fields are equal, with mM = λLV = λRV = (λMV ). The Dirac mass is mD = λV . Considering
mD > mM , we get two physical Majorana fields which are,
η1 = − i√
2
(
ηL − ηcR
−ηcL + ηR
)
,
η2 =
1√
2
(
ηL + η
c
R
ηcL + ηR
)
, (2)
with the corresponding real and positive masses m1 = mD − mM and m2 = mD + mM respectively. The mass
splitting between them is δ = 2mM . The two Majorana physical fields η1,2 are the dark matter fields in our model.
The lightest of them will be absolutely stable.
We can then rewrite the Eqn. (1) in terms of the mass of the physical quarks and leptons and the dark Higgs vev
V .
LY uk = −muq¯uLquR −mdq¯dLqdR −mνDν¯LνR −m` ¯`L`R −
1
2
m1η¯1η1 − 1
2
m2η¯2η2
−mu
V
q¯uLq
u
Rφ
′ − md
V
q¯dLq
d
Rφ
′ − mνD
V
ν¯LνRφ
′ − m`
V
¯`
L`Rφ
′ − 1
2
m1
V
η¯1η1φ
′ − 1
2
m2
V
η¯2η2φ
′ + .... (3)
To explore the new gauge sector of our model we first define the covariant derivative as,
Dµ = ∂µ + i
g
2
τaWµa + ig
′Y Bµ + i
gT3R
2
QT3RA
′
µ, (4)
where g, g′ and gT3R are the coupling constant corresponding to the SU(2)L, U(1)Y and U(1)T3R groups respectively.
Wµ, Bµ and A
′
µ are the gauge bosons of the SU(2)L, U(1)Y and U(1)T3R groups respectively.
|DµH|2 gives the masses of the SM gauge bosons W± and Z, while |Dµφ|2 gives the mass of the dark photon A′,
yielding m2A′ = 2g
2
T3R
V 2. The trilinear interactions involving the gauge boson A′ are then given by ,
Lgauge = i
4
gT3RA
′
µ(η¯1γ
µη2 − η¯2γµη1) + m
2
A′
V
φ′A′µA
′µ + ıgT3RA′µ (φ
′∂µφ′∗ − φ′∗∂µφ)− 1
2
gT3Rj
µ
A′A
′
µ, (5)
where the SM interaction current is defined as, jµA′ =
∑
f
QfT3R f¯γ
µf . Only off-diagonal vector interaction terms exist
for the Majorana dark matter fields.
The dark photon, A′ will mix with the photon and the Z boson due to the diagrams in which qu,dR and `R run in
the loop (Fig. 1) 2. We assume that there is no tree-level kinetic mixing between them. As a result, even the SM
fields which are uncharged under U(1)T3R will get a mixing induced coupling to A
′. The kinetic mixing becomes
smaller as the mass A′ decreases.
(a) (b)
FIG. 1: The one loop diagrams which give the mixing induced coupling between the SM fields to A′. Here,
fR = `R, q
u
R, q
d
R.
For simplicity, we will assume that U(1)T3R couples only to one charged lepton, one up-type quark, one down-
type quark, and one neutrino (all right-handed). We further assume that the charged lepton and down-type quark
2 We have used the package TikZ-Feynman [5] to draw the diagram.
4states are mass eigenstates, while the up-type quark state is a linear combination of all up-type mass eigenstates.
This coupling structure is technically natural, as it yields an extra U(1)2 flavor symmetry arising from rotations of
the charged lepton and down-type quark wavefunctions by an independent phase [6]. Note, there is no additional
restored symmetry if we take the up-type quark state to also be a mass eigenstate, due to the CKM matrix. Note
that, beyond the dark matter candidates η1,2, we have introduced three other new particles: A
′, φ′ and νR. Since
νR is charged under no unbroken symmetries, it will generically mix with the left-handed neutrinos, yielding several
Majorana neutrino mass eigenstates. We will assume that νR is dominantly composed of a sterile neutrino mass
eigenstate νs, with some mixing with the active neutrino mass eigenstates (collectively denoted by νA). The mass
of the lightest neutrino eigenstate can be determined by the seesaw mechanism. If there is no Majorana mass for
the left-handed neutrinos, then the masses of the eigenstates determine the neutrino mixing angle. However, the
mixing angle is not fixed if the left-handed neutrino also has a Majorana mass term. None of the new particles are
stabilized by any symmetry (assuming, as we do, that νs is not the lightest fermion), and thus they should all be
able to decay to Standard Model particles. The main decay channels for these particles are
• φ′: φ′ → ¯`` , νsνA, pipi,A′A′ dominate, if kinematically allowed. If those tree-level decays are not allowed, then
φ′ → γγ (mediated by a one-loop diagram) will dominate.
• A′: A′ → ¯`` , νsνs, pipi, φ′φ′ dominate, if kinematically allowed. If they are not kinematically allowed, A′ →
νAνA will dominate.
• νs: νs → νAγγ (mediated by an off-shell φ′) will dominate.
III. CONSTRAINTS
In this section, we discuss various constraints for this model. Constraints on the coupling of a dark photon to
Standard Model particles are discussed in [7], while constraints on the coupling of a dark Higgs to Standard Model
particles is discussed in [6]. From Eq. (1) we see that H, qu,d, ` and ν couple to φ. In addition, qu,d, ` and ν couple to
A′, the gauge boson of U(1)T3R, with coupling gT3R. Since the couplings of all new particles to νAνA are suppressed
by a mixing angle, we will find suppressed constraints from Borexino [8–10], Texono [11], Coherent [12, 13], Charm
II [14, 15], NuTeV [16], CCFR [17], etc. We thus have to consider constraints on the following processes.
(i) Corrections to the lepton magnetic dipole moments. The lepton magnetic dipole moments will receive cor-
rections from one-loop diagrams involving either the dark photon or the dark Higgs. The correction to
a` = (g` − 2)/2 due to one-loop diagrams involving A′ and φ′ is given by [18]
δa` =
m4`
8pi2V 2
∫ 1
0
(1− x)2(1 + x)
(1− x)2m2` + xm2φ′
dx+
m2`m
2
A′
8pi2V 2
∫ 1
0
x2(1− x)
x2m2` + (1− x)m2A′
dx. (6)
But one must stress that there can be additional contributions to the lepton dipole moments from heavy new
physics unrelated to the light flavor sector. As such, the dipole moment constraints are not true constraints
on the model, but rather measure the level of fine-tuning in the cancellation between corrections from the
light flavor sector those from heavy new physics.
(ii) Constraints from e+e− colliders: BaBar [19, 20] and/or Belle [21, 22] constrain dark photon and dark Higgs
couplings by searching for the process e+e− → A′, φ′ → µ+µ−, e+e−, νν, and e+e− → µ+µ− + A′, φ′ → 4µ,
while KLOE [23–26] can provide similar constraints with the process e+e− → A′, φ′ → µ+µ−.
(iii) Anomalous pi0 decay: Proton beam-dump experiments, such as LSND [27] and NA 48/2 [28], provide con-
straints on neutral pion production, followed by the decay pi0 → γ(A′, φ′)→ γe+e−.
(iv) Invisible A′, φ′ decay: NA64 [29–31] constrains models in which A′, φ′-strahlung arising from the electron,
followed by invisible decay (A′, φ→ νν or φ′ → A′A′), yields missing energy.
(v) A′, φ′ → e+e−: Electron and proton beam dump experiments, including E137 [32–35], E774 [36], Orsay [37],
LSND [27] etc., can search for processes in which A′ or φ′ is produced by bremsstrahlung, and later decays
via A′, φ′ → e+e−
(vi) Constraints arising from atomic parity violation experiment [38]. The parity violation allowed 6S1/2-7s1/2
nuclear transition in 133Cshas been measured by multiple collaborations to great precision.
5(vii) Constraints arising from the cooling of white dwarfs and supernovae [10, 39, 40]. The light mediators (φ′ and
A′) may be produced in the core of a supernova or white dwarf, and contribute to its energy loss from the
coupling to neutrinos and dark matter.
(viii) Globular cluster and solar capture constraints [10]: Solar energy loss and cooling of stars in globular clusters
can occur due to the production of φ′ and A′ which decay into dark matter or neutrinos.
(ix) Big-Bang Nucleosynthesis (BBN): Limits from BBN [41] on the effective number of new relativistic degrees
of freedom (beyond three neutrinos), ∆Neff ≤ 1, provide constraints on the parameter space when we have
particles with mass ≤ MeV.
(x) Fifth force [42–44]: A new long-range force is constrained by precision tests of the gravitational, Casimir,
and van der Waals forces. These experiments are sensitive to U(1)T3R forces, since they probe interactions
between electrically neutral objects.
The LHC constraints on the Higgs decay process H → f¯fφ′ may need to be considered. Although the decay
of the Higgs to first- or second-generation fermions is suppressed by the factor m2f/v
2 (where v ∼ 246 GeV is the
Higgs vev), the decay to f¯fφ′ is also enhanced by an extra factor of v2/V 2. But this factor is also compensated by
the additional 3-body phase space factor ∼ 1/(16pi2); for V ∼ 10 GeV, the Higgs decay process H → f¯fφ′ is still
negligible.
As a general point, it is worth noting that all constraints on A′ interactions will be satisfied if A′ is sufficiently
light. Since gT3R ∝ mA′/V , we find that in the limit mA′/V  1, A′ becomes a completely decoupled degree of
freedom which does not thermalize in the early Universe.
IV. SPECIFIC MODEL
In this section, we consider specific models, chosen for simplicity, to naturally get MeV-scale dark matter and
satisfy flavor constraints. The mass of a first - or second-generation SM fermion which couples to the dark sector
obeys the relation mf = λφ′f¯fV , where λφ′f¯f is the coupling of the SM fermion to the physical dark Higgs. As a
result of the light flavor sector we have introduced, the mass of the SM fermion is set by the energy scale V ; assuming
there is no additional relevant flavor physics to further suppress the SM fermion mass, we would expect mf . V ,
implying V ∼ O(1− 10) GeV. Since m2φ′ = 4λφV 2 and m2A′ = 2g2T3RV 2, we will also get m′φ,mA′ . O(GeV).
Under the scenario we consider, the down-type quark and charged lepton states which couple to U(1)T3R are
mass eigenstates, while the up-type quark and neutrino states need not be. For simplicity, we focus on the case
in which the down-type quark state charged under U(1)T3R is the d mass eigenstate (though we will discuss other
possibilities). Although the up-type quark state charged under U(1)T3R can be a linear combination of u and c
mass eigenstates, we assume for simplicity that the contribution from the c mass eigenstate is negligible (such a
contribution would have negligible effect on direct detection sensitivity, but might allow rare charm meson decays
which are constrained by data). The states which couple to the dark sector are thus u, d, a single right-handed
neutrino, and either µ or e.
We will take V ∼ 10 GeV, and will assume that the neutrino mixing angle is small. We then have two scenarios:
• ` = µ: In this case, the φ′µµ coupling is ∼ 0.01. For 2mµ ≤ mφ′ . 5 GeV, our scenario would be
ruled out by constraints from BaBar on the process e+e− → µ+µ−φ′(φ′ → µ+µ−) [6]. The mass range
1 MeV . mφ′ . 50 MeV is ruled out by constraints from E137 on the production of long-lived particles
which decay to γγ (in this case, the production of φ′ and its subsequent decay are mediated by the operator
φ′FµνFµν , which is generated at one-loop [6]). For mφ′ . 1 MeV, φ′ will decay dominantly to prompt photons
if νs is taken sufficiently heavy; our scenario is thus unconstrained by bounds on the cooling of astrophysical
bodies. But for mφ′ . 10−9 GeV, our scenario is ruled out by constraints on a fifth force. In the allowed
region 5 GeV . mφ′ . 10 GeV, the scalar correction to gµ − 2 is small, and it is not necessary to arrange
a fine-tuned cancellation of this correction against corrections arising from heavy new physics. But in the
allowed region 50 MeV . mφ′ . 200 MeV, the contribution of the loop diagram involving φ′ to gµ − 2 is
large, and must be cancelled by another source of new physics.
In the range mA′ ∼ 0.006 − 0.2 GeV our scenario satisfies all the constraints [7]. Since A′ couples to νR,
constraints from Borexino, COHERENT, CCFR and Charm-II are suppressed when the neutrino mixing angle
is taken to be small. This parameter space is allowed by the meson decay processes [45–47]. Constraints from
white dwarf cooling are also negligible if mη,mνs & 0.1 MeV, in which case the only available cooling process
involves the coupling eeνAνA, which is two-loop suppressed. The range mA′ ∼ 10−8 − 10−3 GeV is ruled
out by globular cluster, solar and supernova cooling constraints, but these constraints can be relaxed due to
6chameleon effects [48–50]. The mA′ ≤ 10−9 GeV is ruled out by the fifth force constraints, but as pointed
out earlier, for sufficiently light A′ the force decouples, and the scenario is again allowed (we do not plot this
very low mass region).
We show the allowed regions of mφ′ -mA′ parameter space for the ` = µ case in figure 2.
mA′ (GeV)
m
φ
′
(G
e
V
)
FIG. 2: Allowed regions of mφ′ -mA′ parameter space for the case ` = µ. We assume that mη,mνs & 1 MeV.
• ` = e: The φ′ee coupling for this scenario is 5× 10−5, and any mass in the range mφ′ > 20 MeV is consistent
with all constraints. For 1 MeV . mφ′ . 20 MeV, this scenario can be constrained by searches at Orsay
for φ′ production, followed by the decay φ′ → e+e− [7] (though this bound is developed for the case of a
coupling to the vector mediator, constraints for the case of a scalar mediator are comparable). For 10−6 GeV
. mφ′ . 10−4 GeV, this scenario is constrained by supernova cooling bounds. However, if φ′ decys into two
photons promptly (which occurs if νs is heavier than mφ′/2) then the supernova constraint does not exist.
The mφ′ ≤ 10−7 GeV region is ruled out by the fifth force constraints.
Constraints from atomic parity violation experiments exclude models with mA′ & 10 MeV [38, 51] (taking
the energy scale of the APV experiments to be 30 MeV), while the region 1 MeV ≤ mA′ ≤ 10 MeV is mostly
ruled out by fixed target experiments, e.g., E774, E141, E137 etc. The range mA′ ∼ 10−4 − 10−3 GeV can
be constrained by BBN. But as before, if we assume mνs < mA′ , then A
′ decays into νs promptly and we
find ∆Neff = 1. There exist constraints from globular cluster cooling and solar cooling for A
′ masses in the
ranges 10−4 GeV to 10−6 GeV and 10−7 GeV to 10−8 GeV, respectively. However these constraints can be
relaxed due to chameleon effects. For mA′ . 10−9 GeV, our scenario is again constrained by bounds on a
fifth force, but again, these constraints necessarily disappear when A′ is sufficiently light, in which case it has
effectively decoupled.
We show the allowed regions of mφ′ -mA′ parameter space for the ` = e case in figure 3.
• We also can have a scenario with second generation right-handed quarks and second or first generation right-
handed leptons. The allowed parameter space for this scenario will be similar to the previous two scenarios.
In this scenario, the decay of J/ψ into µµ ee via A′ can provide constraints arising from branching ratio
and lepton universality [52, 53]. But our choice of mA′ ∼ 100 MeV (with gT3R ∼ 10−2) for phenomenology
analysis in later sections is allowed by the constraints.
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FIG. 3: Allowed regions of mφ′ -mA′ parameter space for the case ` = e. Here, we assume mνs < mA′ .
V. DIRECT DETECTION
Direct detection experiments play crucial roles in the search for dark matter particles. Traditional direct detection
experiments study the nuclear recoil spectra arising from the scattering of the dark matter particles off the nuclei.
Current direct detection experiments lose their sensitivity for dark matter masses below O( GeV), when the nuclear
recoil energy tends to fall below the threshold. But three current direct detection experiments can provide sensitivity
to the low-mass dark matter models which we consider:
• CRESST-III. CRESST-III has a relatively low recoil energy threshold and constrains the elastic spin-
independent dark matter-nucleon scattering cross section to be less than σSI ∼ 10−35 cm2 form ∼ 200 MeV [54].
• XENON1T. If sub-GeV dark matter is non-relativistic, it will not deposit enough nuclear recoil energy in
XENON1T to exceed threshold. But cosmic rays can scatter off the dark matter in the halo, producing
a small population of relativistic dark matter which can deposit sufficient recoil energy in XENON1T to
be detected [55]. For the mass range of interest, XENON1T bounds on this scenario would require either
σSI . O(10−29 − 10−30) cm2 or σSI & O(10−28) cm2.
• CDEX-1B. For the dark matter mass range 50-180 MeV, the Migdal effect provides the best bound on the
spin-independent dark matter-nucleon scattering cross section [56]. It requires the cross section to be less
than σSI ∼ 10−32 − 10−34 cm2 for the above mass range.
In this section, we will also study the nuclear recoil spectra for future direct detection experiments where the
threshold can go down to 1 eV. Another way to detect the sub-GeV dark matter particle is to study the dark
matter scattering off an electron. Currently, experiments like XENON10 [57], Super CDMS [58] and SENSEI [59]
can put constraints on models of low mass dark matter which scatters off electrons, but our model parameter space
is allowed by these constraints.
Our model can have both dark matter-nucleus and dark matter-electron scattering. First, we study the nuclear
recoil spectra in detail and then we show electron scattering results. The relevant part of the Lagrangian for direct
detection in terms of the physical fields is
(7)
Lint = −1
2
m1
V
η¯1η1φ
′ − 1
2
m2
V
η¯2η2φ
′ − mu
V
q¯uLq
u
Rφ
′ − md
V
q¯dLq
d
Rφ
′
+
i
4
√
2
mA′
V
A′µ(η¯1γ
µη2 − η¯2γµη1)− 1
2
√
2
mA′
V
QT3RA
′
µ(q¯
u
Rγ
µquR + q¯
d
Rγ
µqdR).
8The dark matter candidate in our model is a Majorana fermion and it has only scalar and vector interactions.
Therefore we can have Spin Independent (SI) velocity-independent dark matter-nucleus scattering processes. The
scalar interaction gives SI elastic scattering and the vector interaction can produce only SI inelastic scattering.
Therefore our main channel of interest will be:
• Elastic SI scattering (η¯ηq¯LqR) mediated by φ′ exchange.
• Inelastic SI scattering (η¯1γµη2q¯RγµqR) mediated by A′ exchange. Note that, in this case, the mixing angle
doesn’t enter into the matrix element. But the mass splitting does enter in the integrals over the velocity
distribution.
We can calculate the nuclear recoil spectrum for both elastic and inelastic scattering for our model. The differential
event rate per unit target mass can be expressed in terms of the differential cross section as,
(8)
dR
dER
=
NT ρη
mη
∫ vesc
vmin
vf(v)
(
dσ
dER
)
d3v,
where NT is the number of target nuclei per unit mass; ρη ' 0.3 GeV cm−3 is the local energy density of the
incoming dark matter η; v is the detector frame velocity of the incoming dark matter and f(v) is the corresponding
normalized velocity distribution in detector frame; and (dσ/dER) is the DM-nucleus differential scattering cross
section. Here vmin is minimum dark matter velocity required for a scatter to produce recoil energy ER, and
vesc = 540 km s
−1 is the local galactic escape velocity of the dark matter.
In general, the differential cross section for a dark matter particle η of mass mη scattering off a target nucleus of
mass mA can be written as,
dσ
dER
=
mA
2µ2ηAv
2
σ0(ηA→ ηA)
m4φ′,A′
(2mAER +m2φ′,A′)
2
F 2(ER), (9)
where ER is the recoil energy of the scattered nucleus in the lab frame; µηA =
mηmA
mη+mA
is the reduced mass of
the η-nucleus system; F (ER) is the nuclear form factor; and σ0 is the scattering cross section at zero momentum
transfer. Details on the velocity-distribution and the nuclear form factor can be found in the appendix.
For the case of elastic scattering mediated by φ′, dark matter-nucleon scattering will be largely isospin-invariant.
In this case, we can express the DM-nucleus scattering cross section at zero momentum transfer in terms of the
DM-nucleon spin-independent scattering cross section at zero momentum transfer (σNSI):
σ0(ηA→ ηA) = σNSIA2
µ2ηA
µ2ηN
, (10)
where µηN =
mηmN
mη+mN
is the reduced mass of the η-nucleon system. But for the case of inelastic scattering mediated
by A′, scattering is exactly isospin-violating [60–62], since the up- and down-quarks have opposite charge. In this
case, one would replace A2 in the above formula with (A− 2Z)2.
Using the form of dσdER from Eq. (9) we can write the differential event rate as,
dR
dER
=
NT ρηmAσ
N
SIA
2
2mηµ2ηN
m4φ′,A′
(2mAER +m2φ′,A′)
2
F 2(ER)
∫ vesc
vmin
f(v)
v
d3v. (11)
Let us first consider the elastic scattering ηjA→ ηjA mediated by the scalar particle φ′. The dark matter nucleon
SI-scattering cross section at zero momentum transfer is given as,
σ
scalar(p,n)
SI =
µ2ηNm
2
η
piV 4m4φ′
f2p,n (12)
where [63],
fp,n
mN
=
∑
q=u,d,s
f
(p,n)
Tq
fq
mq
+
2
27
1− ∑
q=u,d,s
f
(p,n)
Tq
 ∑
q=c,b,t
fq
mq
. (13)
9We take fu,d = mu,d, fs,c,b,t = 0. The constants f
(p)
Tu
, f
(p)
Td
and f
(p)
Ts
are taken to have the values 0.019, 0.041 and
0.14, respectively [64], and the constants f
(n)
Tu
, f
(n)
Td
and f
(n)
Ts
are taken to have the values 0.023, 0.034 and 0.14,
respectively [64]. We thus find
σ
scalar(p,n)
SI ∼ (4× 10−35 cm2)
(
V
10 GeV
)−4 ( mφ′
100 MeV
)−4 ( µηN
100 MeV
)2 ( mη
100 MeV
)2
. (14)
The kinematics of this scattering in the laboratory frame give the threshold velocity as a function of the nuclear
recoil energy,
vmin =
√
2mAER
2µηA
. (15)
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FIG. 4: Differential event rate versus nuclear recoil energy for scattering off a Xenon nucleus for dark matter of
various masses.
We can now obtain the nuclear recoil energy spectrum for elastic scattering. We consider the elastic scattering of
the η particle off a Xenon nucleus (A =131 and Z = 54 ). We express the differential event rate in the ”differential
rate unit” (dru), which is 1 event keV−1 kg−1 day−1. The Fig. 4 gives the differential event rate as a function of
the nuclear recoil energy for different values of mη.
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FIG. 5: Differential event rate versus nuclear recoil energy for inelastic scattering off Xenon nucleus for dark
matter of various masses.
Let us now consider the inelastic scattering ηiA → ηjA mediated by the gauge boson A′µ. We define the mass
difference between two species of the dark matter particles as δ = mj − mi, and consider only the case of up-
scattering (δ > 0). The quantity δ enters in the kinematics of the inelastic scattering. Considering small δ, we keep
only the terms which are linear in δ. In this limit we can write µηjN ' µηiN = µηN . For small mass splitting,
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the change in the matrix element is negligible, and the dominant effect is on the phase space. In particular, the
threshold velocity needed in order for an inelastic scatter to yield recoil energy ER is now given by,
vmin =
1√
2mAER
(
mAER
µηA
− δ
)
. (16)
For a vector interaction, the zero momentum transfer dark matter-nucleon SI-scattering cross section is given by,
σ
vector(p,n)
SI =
µ2ηN
16piV 4
,
∼ (8× 10−36 cm2)
(
V
10 GeV
)−4 ( µηN
100 MeV
)2
, (17)
in the limit of small δ in the case where dark matter couples to first generation quarks (it is one-loop suppressed
otherwise).
In Fig. 5, we present the recoil energy spectrum for DM-Xenon inelastic scattering for various values of δ, assuming
mη = 40 MeV (left panel) and mη = 50 MeV (right panel). The δ = 0 curves correspond to elastic scattering, and
match the left panel of Fig. 4. Note, each curve terminates if vmin > vesc. Smaller values of δ pushes the nuclear
recoil energy, ER to lower values in order to satisfy the condition vmin ≤ vesc.
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FIG. 6: Dark matter-nucleon scattering cross section as a function of the dark matter mass. The cross sections
are calculated for mφ′ = 100 MeV, δ = 0 and V = 10 GeV. These dark matter-nucleon cross sections are allowed
by CRESST III, XENON1T and CDEX-1B constraints.
Fig. 6 shows the dark matter-nucleon scattering cross sections at zero momentum transfer for the φ′- and A′-
mediated processes. We have set mφ′ = 100 MeV, and for the A
′-mediated process, we assume δ = 0 (note, σvectorSI
does not depend on mA′). Note, these scattering cross sections are well within the range allowed by XENON1T
and CDEX-1B constraints. Moreover, these bounds are somewhat conservative, as the XENON1T and CDEX-
1B constraints are derived assuming that the dark matter nucleon scattering cross section is equal to the zero
momentum transfer cross section. In our case, the differential scattering cross section will be suppressed by a factor
[1 + (2mAER)/m
2
φ′,A′)]
−2. Moreover, the experimental sensitivity to A′-mediated scattering is suppressed by an
additional factor of [1− (2Z/A)]2. For mη ≤ 100 MeV, there are no bounds from CRESST III.
Information about dark matter and its interactions with SM particles can also be obtained from the direct
detection experiments involving scattering of dark matter off electrons. For light dark matter of mass O(1 − 100)
MeV, the average energy of the incoming dark matter is E ' mv2/2 ' 50 eV×(m/100 MeV), which is sufficient for
the following atomic processes:
• Electron ionization (dark matter-electron scattering)
• Electron excitation (dark matter-electron scattering)
The typical energy required for these processes is 1-10 eV and these processes can work as visible signals in the
detectors. Dark matter of mass O(1 − 100) MeV can generate these signals via scattering with the electrons.
Experiments such as XENON10 [57], Super CDMS [58] and SENSEI[59] can probe the signals generated in the
dark matter-electron scattering. They put constraints on the possible scattering cross section. For dark matter of
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FIG. 7: Dark matter-electron scattering cross section as a function of the dark matter mass. The cross sections
are calculated for mφ′ = 100 MeV, δ = 0 and V = 10 GeV.
mass O(1 − 100) MeV, the allowed cross section is ≤ 10−38 cm2 [65]. Fig. 7 shows the dark matter-electron cross
section for our model mediated via both φ′ and A′. We thus see that current experiments cannot rule out the
models we are interested in here through probes of DM-electron scattering.
VI. RELIC DENSITY
There are a variety of well-motivated non-standard mechanisms for obtaining the correct relic density for sub-
GeV dark matter, e.g., DM production from the decay of a heavy particle [66], freeze-in [67], modifications to the
expansion rate in the early Universe [68] etc. But we will focus on the more standard paradigm of a thermal relic,
in which the dark matter abundance is depleted by (co-)annihilation to either Standard Model particles or to other
dark sector particles. We will assume that m > 40 MeV, in order to ensure that the dark matter freezes out before
Big Bang Nucleosynthesis (BBN). The dominant final states will be two-body final states, and the most relevant
states are ¯`` , ν¯ν, pipi, pi0(φ′, A′, γ) and the purely dark sector channels A′A′, φ′φ′ and φ′A′.
If the mass splitting δ is large enough, then it may be that only the η1 state is abundant at the time of freeze-out,
in which case only annihilation processes are relevant for determining the relic density. But if the mass splitting is
sufficiently small, then one would expect both particles to abundant at the time of freeze-out, and co-annihilation
processes will also be relevant. For co-annihilation to sufficiently deplete the dark matter abundance, the mass
eigenstates η1 and η2 must have comparable abundances at freeze-out, implying that δ/m . O(0.1) and that the
lifetime of η2 should be much greater than O(1 s).
For the energy range of interest to us, the tightest current constraints on dark matter annihilation arise from
Planck bounds on the effect of energy injection at the time of recombination on the CMB [69, 70]. If the annihilation
of sub-GeV dark matter is velocity-independent and produces SM particles, then cross sections large enough to
deplete the DM abundance sufficiently are generally ruled out by Planck. To obtain the correct thermal relic
density consistent with these constraints, either dark matter annihilation must either produce invisible particles or
be p-wave suppressed [71]. Although p-wave suppression only has a mild effect on the annihilation rate at the time
of freeze-out, it has a dramatic effect on the annihilation rate at the time of recombination; bounds from Planck
on dark matter annihilation are essentially unconstraining for the p-wave scenarios we consider. Alternatively, if
dark matter largely co-annihilates at the time of freeze out, but if the heavier component has decayed away by the
time of recombination, then dark matter annihilation at the time of recombination will be negligible, and Planck
constraints will again be satisfied. If δ . MeV, than the lifetime of η2 will be much longer than the age of the
Universe [72], but significantly shorter lifetimes are possible if δ > MeV.
There is a very rich phenomenology associated with dark matter annihilation. The dominant consideration is
that A′ couplings are suppressed by the mass of the A′, while φ′ couplings are suppressed by the mass of the particle
to which it couples. For simplicity, we will focus on two scenarios of interest:
• φ′ resonance: The dominant dark matter annihilation process is ηiηi → φ′ → A′A′, ν¯ν, ¯``¯ , pipi, γγ, where the
φ′ is nearly on-shell. The resonance condition is necessary to enhance the cross-section since the coupling
of the φ′ to the outgoing fermions is suppressed by the mass of the SM fermions. If A′ is light, then its
interactions are suppressed, ensuring that the dominant annihilation process proceeds through φ′ production
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in the s-channel; in this case, the annihilation cross section is necessarily p-wave suppressed, and there are no
relevant Planck bounds. In general we find
σ(ηiηi → φ′ → X)vrel ∼ m
2
i (E
2 −m2i )
2V 2E2[(4E2 −m2φ′)2 + (mφ′Γφ′)2]
× (2mφ′Γφ′),
∼ (9.6× 104 pb)
(
V
10 GeV
)−2 ( Γφ′
mφ′
)
+
(
4E2 −m2φ′
m2φ′
)2(
Γφ′
mφ′
)−1−1
×
([ 〈v2〉/0.1
1 + 〈v2〉
]
4m2i
m2φ′
)
, (18)
where Γφ′ is the total decay width of φ
′. Expressions for Γφ′ are provided in Appendix B.
We can see that the correct relic density can only be achieved through the φ′ resonance if
4E2 −m2φ′  Γ2φ′ , (19)
in which case one would need
(4E2 −m2φ′)2/m4φ′
Γφ′/mφ′
∼ 105. (20)
• A′-mediated: If dark matter does not dominantly annihilate through a φ′ mediator in the s-channel, then
the annihilation cross section is not generally p-wave suppressed. But if m1,2 < m`,mpi/2, then no visible
particles are produced at tree-level. But if νR has a reasonably-sized mixing angle with a light neutrino mass
eigenstate, then the dominant final state will consist of neutrinos, and Planck constraints will not be relevant.
Alternatively, if the dominant annihilation process at freeze-out is A′-mediated co-annihilation, and if the
lifetime of η2 is shorter than the recombination time, then Planck constraints will again be satisfied.
We first consider the ` = µ scenario. In this scenario, if mφ′ ∼ 10 GeV, then constraints on gµ − 2 are satisfied
without fine-tuning. If we accept some fine-tuning of corrections to gµ − 2, then the range mφ′ ∼ 50− 200 MeV is
also available, satisfying all other constraints.
For mφ′ in the 50 − 200 MeV range, the dark matter abundance can be sufficiently depleted by annihilation
through the φ′ resonance channel. In Table II, we show one benchmark example with a dominant φ′ mediator
channel for the muon case where V = 10 GeV and mνs = 10 MeV. In this case, the resonant φ
′ dominantly decays
to A′A′, and has total decay width Γφ′ = 2× 10−8 GeV. This scenario is not constrained by the CMB since the φ′
resonance channel is P-wave suppressed.
For the ` = µ scenario, we also consider the case in which mφ′ ∼ 10 GeV; in this case, no fine-tuning of the
corrections to gµ − 2 is needed, and processes mediated by φ′ are suppressed. In Table II, we show one example
with a dominant A′ mediator channel for the ` = µ case. Since we have m1,2 < mpi/2, the only processes which are
available are η1η2 → A′∗ → f¯f , where f = νs, νA, e (if ` = µ, the A′ will still couple to e+e− at one-loop through
kinetic mixing). In the example, A′ primarily needs to decay to νAνA final state, thus avoiding the CMB constraint
(since the A′ mediated channel is s-wave). The branching ratio to νAνA is larger than to the e+e− final state by a
factor of 100. The neutrino Dirac mass is ∼ 10 GeV (λνDV = 10 GeV). The Majorana mass for νR is associated
with a higher symmetry breaking scale (which can be lower if we introduce a Majorana neutrino mass for the left
handed neutrino). The relevant cross sections for η1η2 annihilation can be found in Appendix B. Note that, unless
the cross section for the process η1η2 → e+e− is sufficiently small, the η2 lifetime must be significantly shorter than
the recombination time in order for Planck constraints to be satisfied.
For the ` = e scenario, mA′ is constrained to lie in the sub-MeV range. As a result, couplings to A
′ are suppressed,
and the dark matter abundance can only be depleted sufficiently if dark matter annihilates through the φ′ resonance.
We show one such example in Table II. Since the dark matter necessarily annihilates from a p-wave initial state,
Planck constraints are automatically satisfied. We have chosen mA′ to lie in the range 0.1−1 MeV, with mνs < mA′ ,
thus satisfying constraints from BBN. But A′ plays no role in setting the relic density; we could have just as well
taken A′ to be extremely light and effectively decoupled, thus satisfying all experimental constraints.
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m′A (MeV) m
′
φ (MeV) mη (MeV) mνs(MeV) mνD(MeV) 〈σv〉 (cm3/sec) σscalarSI (pb) σvectorSI (pb)
muon case 40 102 50 10 10−3 3×10−26 2.30 1.80
70 104 50 1016 104 3×10−26 2.30×10−8 1.80
electron case 0.4 100 50 0.1 10−4 3×10−26 2.30 1.80
TABLE II: Masses of A′, φ′ and η (DM) and the corresponding thermal relic abundances are shown for muon and
electron cases. The dark matter-nucleon scattering cross sections for each benchmark point are also shown. For
the case of A′-mediated inelastic scattering, δ is taken small.
VII. CONCLUSION
The motivation of this work was to address the hierarchy problem in the light flavor sector of the SM. In order to
reduce the hierarchy, we have extended the gauge symmetry of the SM with the gauge group U(1)T3R , under which
only the right-handed particles of the first two generations are charged. We have introduced a Standard Model
singlet scalar field charged under U(1)T3R , which gets vev and breaks the U(1)T3R symmetry to Z2 symmetry.
We choose the symmetry-breaking scale of U(1)T3R to be O(1−10) GeV, which allows us to obtain the O(1−100)
MeV mass parameters for the light SM particles. We got two physical Majorana fermion η1 and η2, which are odd
under the Z2 symmetry. One or both of them can be a dark matter candidate, depending on the mass splitting
between them. The mass range of the dark matter also naturally arises as O(1− 100)MeV. For simplicity, we have
chosen two specific models to work with, one with the right-handed muon charged under U(1)T3R and the other
with the right-handed electron charged under U(1)T3R. Both models have first generation right-handed quarks and
a right-handed neutrino with nonzero U(1)T3R charge (we can have a model with second generation right-handed
quarks as well). We have discussed various constraints relevant to the scale of our model. We found an allowed
region in the mφ′ −mA′ parameter space for both muon and electron model.
We have discussed the direct detection search for both dark matter-nucleus and dark matter-electron scattering.
The dark matter fields interact diagonally with the dark scalar φ′ and off-diagonally with the dark gauge boson A′.
Therefore we had both elastic and inelastic SI direct detection processes. We have shown that the dark matter-
nucleon cross section is allowed by XENON1T, CDEX-1B and CRESST III constraints. The dark matter-electron
scattering cross section is also allowed by the current constraints. The correct thermal relic abundance can be
obtained by the standard (co-)annihilation of dark matter into the invisible SM particles or the other dark sector
particles which eventually decay into SM particles. We have shown a few benchmark points, allowed by the direct
detection constraints, which can give correct relic abundance and can satisfy the Plank data.
We have studied specific implementations of a general idea, which is to couple the dark sector to the light flavor
sector. In any such scenario, one would expect the energy scale of the new physics to determine the light flavor mass
parameters as well as the dark matter mass, thus providing an expected mass scale for the dark matter particles –
sub-GeV. It would be interesting to study other implementations of this idea in greater detail.
A variety of experimental efforts are being developed which have the potential to probe sub-GeV particle dark
matter [73]. Our scenario points to an interesting possibility; direct detection through inelastic scattering. In
fact, this is a generic possibility which arises in any model in which dark matter is charged under a continuous
symmetry which is spontaneously broken (but under no unbroken continuous symmetries). In such a scenario,
the dark particle must be a complex degree of freedom which is generically split into two real degrees of freedom
with non-degenerate masses, and an interaction mediated by the massive gauge boson of the broken continuous
symmetry must be inelastic. Future direct detection experiments aimed at sub-GeV dark matter may be sensitive
to inelastic scattering, but as the relevant event rates are very sensitive to the detector specifications, a detailed
analysis is beyond the scope of this work, but would be an interesting future direction.
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Appendix A: Nuclear form factor and dark matter velocity distribution
In this appendix we give the nuclear form factor and the dark matter velocity distribution for the direct detection
calculation.
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The nuclear form factor is given by [74, 75]
F (ER) =
3j1(qR1)
qR1
exp
(−q2s2/2) , (A1)
where the momentum transferred is q =
√
2mAER; j1 is a spherical Bessel function of index 1; s ' 1 fm is the
measure of nuclear skin thickness; and R1 '
√
r2 − 5s2 with r = 1.2A1/3 fm and A is the mass number of the target
nucleus.
We assume Maxwellian dark matter velocity distribution in the galactic rest frame [76]:
f(v′)dv′ =
[
3
2piv20
]3/2
exp
(
−3v
′2
2v20
)
4piv′2dv′, (A2)
where v0 has value 220 km sec
−1. The dark matter velocity distribution is truncated at the local galactic escape
velocity vesc. To get the velocity distribution with respect to the Earth frame, we make the following Galilean
transformation,
~v′ = ~v + ~vE , (A3)
where ~v is the dark matter velocity with respect to the Earth frame and ~vE is the velocity of Earth with respect to
the galactic rest frame. Therefore the dark matter velocity distribution in the Earth frame is given as,
f(v)dv =
[
3
2piv20
]3/2
exp
[
− 3
2v20
(v2 + v2E)
]
v20
3vvE
sinh
(
3vvE
v20
)
4piv2dv. (A4)
Appendix B: Relic Density Details
In this appendix, we provide the necessary cross sections and decay widths for the relic density calculation.
• φ′-resonance: The various partial decay widths Γφ′ are presented here:
Γφ′→A′µA′ν =
m3φ′
64piV 2
(
1− 4m
2
A′
m2φ′
)1/2(
12
m4A′
m4φ′
− 4m
2
A′
m2φ′
+ 1
)
,
Γφ′→ff¯ =
m2emφ′
8piV 2
(
1− 4m
2
e
m2φ′
)3/2
,
Γφ′→η¯iηi =
m2imφ′
32piV 2
(
1− 4m
2
i
m2φ′
)3/2
,
Γφ′→γγ =
α2m4f
4pi3V 2mφ′
[
1 +
(
1− 4m
2
f
m2φ′
)(
sin−1
mφ′
2mf
)2]2
(B1)
• A′-mediated: If m1,2 < mA′ ,mpi/2,mφ′ , then the only kinematically-accessible two-body final states will be
f¯f , where f = `, ν. If the dominant coupling is to A′, then this process can only proceed through the s-channel
(η1η2 → A′∗ → f¯f). We will focus on the small mass spliting limit(δ → 0), in which the effect of the mass
splitting is irrelevant for dark matter co-annihilation. The cross section for co-annihilation to f¯f final state is
σ(ηiηj → A′ → f¯f)vrel =
m4A′
√
E2 −m2f (2E2 +m2i )(2E2 +m2f )
96piV 4E3[(4E2 −m2A′)2 + (mA′ΓA′)2]
. (B2)
where E is the energy of the incoming dark matter particle in center-of-mass frame, and ΓA′ is the total decay
width of the A′ field. The partial decay widths of A′ are given by,
ΓA′→ff¯ =
1
24piV 2
(
m2A′ − 4m2f
)1/2 (
m2A′ + 2m
2
f
)
. (B3)
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